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Maintaining genome stability is 
crucial for all cells. The budding 
yeast Elgl protein, the major subunit 
of a replication factor C-like complex, 
is important for genome stability, since 
cells lacking Elgl exhibit increased 
recombination and chromosomal rear- 
rangements. This genome maintenance 
function of Elgl seems to be conserved 
in higher eukaryotes, since removal of 
the human Elgl homolog, encoded by 
the ATAD5 gene, also causes genome 
instability leading to tumorigenesis. The 
fundamental molecular function of the 
Elgl/ATAD5-replication factor C-like 
complex (RLC) was, until recently, 
elusive, although Elgl/ATAD5-RLC 
was known to interact with the replica- 
tion sliding clamp PCNA. Two papers 
have now reported that following DNA 
replication, the Elgl/ATAD5-RLC is 
required to remove PCNA from chro- 
matin in yeast and human cells. In this 
Review, we summarize the evidence 
that Elgl/ATAD5-RLC acts as a PCNA 
unloader and discuss the still enigmatic 
relationship between the function of 
Elgl/ATAD5-RLC in PCNA unloading 
and the role of Elgl/ATAD5 in main- 
taining genomic stability. 

The Elg1/ATAD5 Replication 
Factor C-like Complex: 
A Mysterious Guardian 
of Genomic Stability 

The ELG1 gene (enhanced level of 
genomic instability 1) was first identified 
in Saccharomyces cerevisiae as required for 
accurate chromosome maintenance, a role 



found to be shared by its human homo- 
log, called ATAD5 (ATPase family AAA 
domain-containing protein 5). Budding 
yeast cells lacking Elgl exhibit pleiotro- 
pic chromosome instability phenotypes 
including increased recombination rate, 
gross chromosomal rearrangements, elon- 
gated telomeres, cohesion defects, and 
sensitivity to the DNA-alkylating drug 
MMS. 1 " 9 The role of Elgl in maintaining 
chromosome stability seems to be con- 
served in higher eukaryotes, since mutating 
the ATAD5 gene caused genomic instabil- 
ity and tumorigenesis in mice and human 
cells. 1011 Elgl and ATAD5 were identified 
as the major subunits of a replication factor 
C-like complex (RLC) having structural 
similarity to replication factor C (RFC), 
which loads the polymerase clamp PCNA 
at replication forks. The Elgl/ATAD5- 
RLC physically interacts with PCNA, but 
its physiological role in PCNA transac- 
tions for years remained obscure, making 
the Elgl-RLC a particularly mysterious 
guardian of genomic stability. Two recent 
papers have illuminated the in vivo effect of 
Elgl/ATAD5 on PCNA. Anne Donald- 
son's group reported that the Elgl-RLC 
functions in PCNA unloading from chro- 
matin during replication in yeast, 12 while 
Kyungjae Myung's groups showed that 
ATAD5 is needed for proper removal of 
PCNA and disassembly of replication fac- 
tories in human cell lines. 13 In this review, 
we focus on these recent advances and dis- 
cuss how loss of Elgl function might cause 
genome instability. We begin by briefly 
introducing PCNA and previous investi- 
gations of the effects of RLCs. We then 
summarize advances in the 2 recent papers 
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and outline possible PCNA unloading 
mechanisms. Finally, we discuss how fail- 
ure of PCNA unloading might impact on 
genomic stability. 

Role of PCNA in DNA Replication 

A central coordinator of DNA repli- 
cation, PCNA is a homotrimeric, ring- 
shaped molecule that encircles DNA to 
act as a polymerase clamp as well as a 
sliding platform for recruitment of other 
replication and repair proteins, including 
DNA helicase, nuclease, ligase, and his- 
tone chaperones. 14 On the lagging strand, 
PCNA cooperates with DNA polymerase 
8 to synthesize DNA discontinuously in 
a series of Okazaki fragments, 100—200 
nucleotides in length. Ligation of the 
Okazaki fragments into a continuous 
daughter strand then depends on PCNA- 
mediated recruitment of the flap endonu- 
clease FEN-1 and DNA ligase I. 15 

On the lagging strand, PCNA must be 
loaded repeatedly onto the DNA to syn- 
thesize each Okazaki fragment. PCNA is 
loaded by RFC, a hetero-pentameric com- 
plex consisting of Rfcl— 5 subunits. 16-18 
The five subunits show sequence similar- 
ity to each other and are members of the 
AAA+ ATPase family. On binding ATP, 
RFC interacts with PCNA and opens its 
trimeric ring. The open PCNA-RFC com- 
plex then recognizes and loads at the 3' 
end of a primer-template junction. On 
hydrolysis of ATP, RFC ejects PCNA, 
leaving it on the DNA in closed form. The 
loading process is discussed in detail in 
excellent recent reviews. 19,20 

RFC-Like Complexes 

All eukaryotic cells contain a series of 3 
RFC-like complexes (RLCs), which share 
with RFC the Rfc2— 5 subunits, but in place 
of Rfcl have an alternative subunit: Rad24 
(called Radl7 in human), Ctfl8, or Elgl 
(ATAD5 in human) (Fig. I). 21 The struc- 
tural resemblance of these RLCs with RFC 
suggested they may mediate interactions 
of ring-shaped clamps with DNA — and, 
indeed, Rad24-RLC, the best-understood 
of the three RLCs, acts to load the trimeric 
PCNA-like "9-1-1" complex at damaged 
DNA for checkpoint activation. 22 " 25 The 
9-1-1 complex is conserved, with subunits 



called RAD9-HUS1-RAD1 in human and 
Ddcl-Mec3-Radl7 in S. cerevisiae. Ctfl8- 
RLC is unique in the RLC family in form- 
ing a heptamer containing 2 additional 
subunits, Dccl and Ctf8. 26,27 Ctfl8-RLC 
is important for sister chromatid cohesion 
and replication checkpoint activation 26,28,29 
and is also required for proper telomere 
length regulation and telomere intranu- 
clear positioning. 30 Using in vitro assays 
in biochemically defined systems, Ctfl8- 
RLC was shown to be capable of loading 
PCNA onto DNA and also of unloading 
it, 31 but whether the Ctfl8-RLC loads or 
unloads PCNA in vivo remains unclear. 

The Elgl/ATAD5-RLC was for years 
the most mysterious of the 3 RLCs. 
Although shown to physically interact 
with PCNA, in vitro biochemical assays 
suggested that Elgl-RLC could not load 
PCNA onto or unload it from DNA, 6,31 
so its fundamental molecular function 
remained elusive. 

Investigation of PCNA 
Unloading by RFC and 
RLCs In Vitro 

PCNA must be loaded for synthesis of 
each Okazaki fragment and unloaded on 
its completion, as well as at replication fork 
termination. It was proposed that RFC 
acts to unload PCNA as well as loading 
it; here, we summarize the in vitro studies 
that led to this suggestion. In 1996, the 
Hurwitz and O'Donnell groups reported 
that human RFC unloads PCNA from 
singly nicked circular plasmid, as tested 
using an in vitro system which uses gel 
filtration to measure free PCNA released 
from a PCNA-plasmid DNA complex. 32,33 
However, in a later investigation of PCNA 
ring opening by yeast RFC, the O'Donnell 
group made the surprising observation 
that a tetrameric Rfc2-Rfc5 subassembly 
(lacking Rfcl) is also capable of opening 
and unloading PCNA from nicked cir- 
cular plasmid. 34 Since all RLCs contain 
Rfc2-5, this finding might suggest that all 
the RLCs as well as RFC could potentially 
open and unload PCNA, although such a 
lack of specificity seems unlikely in vivo. 
PCNA unloading by Elgl-RLC was not 
tested in this system. 

Shibahara and Stillman also showed 
that human RFC can mediate unloading 



of PCNA. 35 Using cell extract and a plas- 
mid containing the SV40 origin, they 
found that in the presence of RFC, PCNA 
is removed from fully replicated SV40 
plasmid DNA in an ATP-dependent man- 
ner. 35 The regulation of PCNA transac- 
tions in this SV40 replication system 
might, however, differ from those in nor- 
mal genome replication. 

The above investigations suggest that 
RFC can unload PCNA from DNA. 
However, using an assay similar to that 
used by the O'Donnell group, Peter Burg- 
ers' group could not detect significant 
unloading of PCNA by yeast RFC, even 
on testing several DNA substrates with 
various concentrations of proteins. 31 The 
Rfc2-5 subcomplex was also unable to 
unload PCNA in their assay. Their failure 
to measure significant unloading suggests 
that, at least in the case of yeast, the effi- 
ciency of RFC as a PCNA loader far out- 
weighs its efficiency as an unloader. While 
it is possible that RFC catalyzes cycles of 
PCNA loading and unloading, the cur- 
rent evidence does leave significant doubt 
about whether the canonical RFC com- 
plex is a major PCNA unloader in vivo. 

In the same in vitro investigation, 
Bylund and Burgers found that neither 
Rad24-RLC nor Elgl-RLC were able to 
mediate significant unloading of PCNA. 31 
Remarkably, they did find that yeast 
Ctfl8-RLC can unload PCNA from DNA 
in a reaction driven by ATP hydrolysis. 31 
However, Ctfl8-RLC is probably not the 
main PCNA unloader in vivo, since ctfl8A 
cells or human cells subject to siRNA 
knockdown of CTF18 expression show 
approximately normal levels of PCNA on 
chromatin in an unperturbed S phase. 13,29 
Its effectiveness in unloading PCNA from 
DNA in vitro 31 does hint that Ctfl8-RLC 
may play this role under specific in vivo 
circumstances yet to be elucidated. 

These results are summaried in 
Figure 1. Taken together, previous studies 
certainly do not exclude that RFC might 
unload PCNA during DNA replication, 
but they have equally failed to demon- 
strate that RFC acts as the major PCNA 
unloader in the normal in vivo situation. 
The need for RFC to load PCNA has 
made it difficult to design experiments 
that might test for unloading of PCNA by 
RFC in vivo. 
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PCNA Unloading 
by S. cerevisiae Elg1-RLC 

Several lines of evidence from yeast 
suggested a role for Elgl-RLC in PCNA 
regulation during DNA replication. 6,29 ' 36 
Martin Kupiec's group demonstrated that 
yeast Elgl-RLC preferentially interact 
with SUMOylated PCNA, and in cells 
lacking Elgl, they found SUMOylated 
PCNA accumulated on chromatin in 
the presence of the DNA-alkylating 
drug MMS, 36 suggesting that Elgl-RLC 
might unload SUMOylated PCNA from 



DNA. Using quantitative proteomics, 
Anne Donaldson's group showed that in 
yeast cells lacking Elgl, PCNA accumu- 
lates abnormally on chromatin in mid-S 
phase even without MMS treatment. 29,37 
These studies suggested PCNA unload- 
ing as a possible role for Elgl-RLC in vivo, 
but could not exclude the possibility that 
PCNA accumulation on chromatin might 
be an indirect effect of the elgl A mutation. 

The new paper from the Donald- 
son group provides more direct evidence 
that yeast Elgl-RLC functions in PCNA 
unloading during DNA replication 



(Fig. I). 12 This study used an improved 
degron system to test the immediate 
effects of Elgl depletion, revealing that 
PCNA accumulates on chromatin dur- 
ing the first S phase without Elgl. This 
accumulated PCNA is unloaded rapidly 
in vivo if Elgl expression is switched back 
on, either during or after completion of 
DNA replication. Overexpression of Rfcl, 
Ctfl8, or Rad24 could not substitute for 
Elgl in removing accumulated PCNA. 
These results implicated Elgl in PCNA 
unloading in vivo. The investigators 
then proceeded to demonstrate PCNA 
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Figure 1. Summary of known functions of replication factor C and replication factor C-like complexes. *Except where indicated, in vitro loading and 
unloading results as derived from Bylund and Burgers 2005; 31 Majka and Burgers 2003. 24 ND, not determined. 
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unloading by Elgl-RLC using a novel in 
vitro assay, in which chromatin prepared 
from an elglA mutant was treated with 
affinity-purified Elgl-RLC, resulting in 
removal of PCNA. While formal identifi- 
cation of Elgl-RLC as a PCNA unloader 
will require reconstitution of the reaction 
with biochemically pure ingredients, this 
study provides the first coupled in vivo 
and in vitro evidence for PCNA removal 
by a clamp unloader. 

The complex nature of the chromatin 
substrate used by Kubota et al. 12 leaves 
important questions about the biochem- 
istry of PCNA unloading by Elgl-RLC. 
The fact that Elgl-RLC could not unload 
PCNA in the earlier biochemical assay 
using defined components 31 suggests that 
there are additional requirements still to 
be identified that are needed for Elgl- 
RLC to unload PCNA from DNA. The 
earlier assay used purified PCNA loaded 
at a synthetic 3' primer-template junc- 
tion, 31 while use of native chromatin from 
elgl A as substrate may provide PCNA in a 
form that is more suitable for unloading. 
In particular, in the Donaldson group's 
system, the PCNA may be modified, his- 
tories can be deposited onto DNA, and 
any co-factors supporting Elgl-dependent 
PCNA unloading are likely to be present 
on chromatin. Alternatively, DNA struc- 
ture might be critical for PCNA unload- 
ing by Elgl-RLC. For example, Elgl-RLC 
might be unable to unload PCNA from a 
nicked DNA substrate and may remove 
PCNA only from fully double-stranded 
DNA, as present after Okazaki fragment 
processing. It will be of interest to inves- 
tigate the specific components or require- 
ments needed for PCNA unloading by 
Elgl-RLC. 

PCNA Removal by Human 
Elg1/ATAD5-RLC 

Remarkably, an independent, simul- 
taneous study provided compelling evi- 
dence that the function of Elgl/ATAD5 in 
PCNA unloading is conserved in human 
cells. This investigation from Kyungjae 
Myung's group demonstrated that human 
ATAD5 is critical for correct regula- 
tion of the lifespan of DNA replication 
factories. 13 Specifically, knocking down 
ATAD5 in human cell lines caused PCNA 



to accumulate on chromatin and remain 
there even after replication at that site had 
finished — analogous to the retention of 
PCNA on chromatin seen by Kubota et 
al. 12 in a yeast elgl A mutant and consis- 
tent with the idea that Elgl/ATAD5-RLC 
unloads PCNA from DNA. Prolonged 
PCNA retention on chromatin caused 
by the knockdown of ATAD5 resulted 
in an extended lifespan of DNA replica- 
tion factories, with all replication proteins 
enriched in the long-lived factories. This 
effect correlated with an accumulation 
on chromatin of other replisome proteins, 
including MRN complex and the chro- 
matin-remodeling protein, CAF1. This 
accumulation was mediated by the excess 
PCNA retention, since simultaneous 
ATAD5 and PCNA knockdown mitigated 
the retention of other replisome compo- 
nents. As well as half-life, the intensity and 
number of DNA replication factories were 
increased upon knockdown of ATAD5. 
Interestingly, in the absence of ATAD5, 
many DNA replication factories were inac- 
tive for DNA synthesis, remaining even 
during G 2 phase of cell cycle. Conversely, 
ectopic ATAD5 expression caused a reduc- 
tion of PCNA on chromatin, consistent 
with the idea that ATAD5 drives PCNA 
unloading. Although PCNA unloading by 
human ATAD5-RLC has yet to be directly 
demonstrated in vitro, the 2 recent stud- 
ies by Donaldson's and Myung's groups 
together provide good evidence that the 
Elgl/ATAD5-RLC acts to unload PCNA 
during DNA replication, this function 
being conserved from yeast to human. 

Does the Elg1/ATAD5- 
RLC Preferentially Unload 
SUMOylated PCNA? 

Studies from Kupiec's group suggest 
the interesting idea that yeast Elgl-RLC 
is an unloader specific to SUMOylated 
PCNA. This idea is based on their obser- 
vations that Elgl-RLC preferentially 
interacts with SUMOylated PCNA, and 
that SUMOylated PCNA accumulates 
on chromatin in elglA mutant, especially 
in the presence of MMS. 36 Kubota et al. 
also observed an increase of SUMOylated 
PCNA on chromatin in elglA mutant dur- 
ing unperturbed S phase. 12 However, an 
unSUMOylatable PCNA Pol30-K164R/ 



K127R still accumulates on chromatin 
when Elgl is deleted, 12 implying that 
PCNA SUMOylation is not essential 
for PCNA to be unloaded by Elgl-RLC. 
Although SUMOylation is not abso- 
lutely required for PCNA unloading by 
Elgl-RLC, the observations by Kubota et 
al. 12 are still consistent with the idea that 
Elgl-RLC has a preference for unloading 
SUMOylated PCNA. DNA association 
leads to PCNA SUMOylation, 38 sug- 
gesting that the increase of SUMOylated 
PCNA in an elgl A mutant is probably a 
direct consequence of the prolonged reten- 
tion of PCNA on chromatin when its nor- 
mal unloader is absent. 

SUMOylation of PCNA has been 
observed in higher eukaryotes, such as 
chicken DT40 cells, X. laevis egg extracts, 
and recently mammalian cells. 39 " 43 In 
human cell lines, the modification is 
present at very low levels. 43 Human 
ATAD5-RLC could potentially prefer to 
interact with SUMOylated PCNA, since 
ATAD5 has a SUMO interaction motif 
in its N-terminal domain. 44,45 However, 
accumulation of SUMOylated PCNA on 
chromatin was not observed in ATAD5- 
knockdown cells, even though both 
unmodified and ubiquitinated PCNA 
increased on chromatin (the latter due to 
defects in recruiting USP1-UAF1 deubiq- 
uitinating enzymes to PCNA). 13,44 Over- 
all, it seems likely that yeast Elgl-RLC has 
a preference, but not an absolute require- 
ment, to unload SUMOylated PCNA, but 
any such preference appears not to be con- 
served in human ATAD5-RLC. 

Structural Domain Requirements 
for PCNA Unloading 

What are the structural features of 
Elgl/ATAD5 that might permit it to act 
as a PCNA unloader? As illustrated in Fig- 
ure 2, Elgl has a central domain showing 
similarity to Rfcl and Ctfl8 and contain- 
ing a conserved ATPase domain, flanked 
by unique N-terminal and C-terminal 
regions. Below we discuss our under- 
standing of the Elgl/ATAD5 structure 
in relation to its proposed role in PCNA 
unloading. 

ATPase domain 

All subunits of RFC/RLC subunits 
(excluding Dccl and Ctf8) are members 
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of the AAA+ ATPase family and contain 
ATP-binding Walker A and B motifs 
(Fig. 2). Walker A motifs contain an 
invariant lysine that is critical for ATP 
binding. 46 In human Rfcl, and in yeast 
Rad24 and Ctfl8, this invariant lysine 
is critical for function, 31,47 " 50 but sur- 
prisingly, the lysine in yeast Rfcl is not 
essential for PCNA loading in vivo or in 
vitro. 51,52 

Human Elgl/ATAD5 also contains 
this invariant lysine within a consensus 
Walker A motif (Fig. 2). Myung's group 
has tested if the ATPase domain in human 
Elgl/ATAD5 is important for its function 
by mutating the invariant lysine (K1138). 
AnATAD5 K1138E mutant protein could 
not prevent PCNA retention on chroma- 
tin or the defective replication factories of 



ATAD5 knockdown cells, suggesting the 
invariant lysine is important for removal 
of PCNA from chromatin. 13 However, 
since the K1138E mutation also affects 
the stability of ATAD5 protein and its 
interaction with small Rfc subunits, 13 fail- 
ure of PCNA removal may not be solely 
due to loss of ATP binding. 

Yeast Elgl lacks some of the consensus 
residues of the Walker A motif (Fig. 2). 
The invariant lysine is present in yeast 
Elgl but does not appear to be required 
for its in vivo function, in contrast with 
human ATAD5. Davidson and Brown 
mutated the invariant lysine (Elgl K343) 
and found the cells exhibited wild-type 
levels of sensitivity to MMS (unlike the 
elglA mutant which shows greatly ele- 
vated MMS sensitivity). 53 Their study 



suggests that, similar to yeast Rfcl, ATP 
binding to yeast Elgl is not essential for 
its in vivo function. One possibility is 
that ATP binding to the smaller subunits 
Rfc2— 5 is sufficient for PCNA loading 
by RFC and unloading by Elgl-RLC in 
budding yeast. Overall, current results 
suggest the requirement for ATP bind- 
ing to Elgl/ATAD5-RLC may differ 
among species. It will be of interest to test 
directly whether ATP binding by yeast 
Elgl is required for PCNA unloading. 

N-terminal domain 

The unique N-terminal domain of 
Elgl may make a crucial contribution 
to PCNA unloading, as it interacts with 
PCNA and SUMOylated PCNA and is 
known to be important for in vivo func- 
tion of Elgl. 36,53 Budding yeast Elgl has 
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3 SUMO interaction motifs (SIMs) and 
a PCNA interacting peptide-like (PIP- 
like) motif in its N-terminal region, 
conferring a preferential interaction with 
SUMOylated PCNA (Fig. 2). 36 Cells 
expressing Elgl lacking the N-terminal 
215 amino acids exhibit greater MMS 
sensitivity than wild type, but less than 
an elglA mutant. 53 These results suggest 
that the N-terminal region in Elgl is 
important for its function in PCNA regu- 
lation, and probably in PCNA unload- 
ing. Consistent with this idea, yeast cells 
expressing Elgl mutated in both SIMs 



and PIP-like motif also show substantial 
MMS sensitivity. 36 

One possibility is that 2 binding modes 
occur during Elgl-PCNA interaction. 
First, Elgl-RLC might search for chroma- 
tin-bound PCNA/SUMO-PCNA using 
its N-terminal region, which is prob- 
ably extended from core "RFC" domain 
and could act as flexible "scanner". After 
docking with its target (i.e., PCNA to be 
unloaded), Elgl-RLC may then bind 
PCNA strongly through all 5 subunits (in 
a manner similar to RFC), and then open 
the PCNA ring and release it from DNA. 



Human ATAD5 has a much longer 
extended N-terminal region than yeast 
Elgl, and is therefore larger than yeast 
Elgl (1844 a. a. and 791 a. a., respectively) 
(Fig. 2). Human ATAD5 has a SUMO 
interaction motif in its N-terminal region, 
shown to interact with a SUMO-like 
domain in the deubiquitination factor 
UAF1 44,45 Human ATAD5 regulates 
PCNA deubiquitination by recruiting 
the USP1-UAF1 complex to ubiquiti- 
nated PCNA. 44 The N-terminal region in 
human ATAD5 therefore likely confers 
additional functions in regulation of ubiq- 
uitination compared with yeast Elgl. Any 
PCNA-binding region in the ATAD5 
N-terminus has yet to be investigated, and 
human ATAD5 may also interact with 
PCNA through its N-terminal region, like 
yeast Elgl. 

C-terminal domain 

There is less information about the 
function of C-terminal domain of yeast 
Elgl. Loss of the C-terminal 60 amino 
acids does not affect sensitivity to MMS, 
except in the context of an N-terminal 
truncation, where it does somewhat exac- 
erbate MMS sensitivity. 53 The C-terminal 
domain of yeast Elgl may also therefore 
contribute to its function, either in PCNA 
unloading or other cellular roles as dis- 
cussed below. Interestingly, a C-terminal 
truncation mutation in ATAD5 found in 
endometrial tumor caused instability of 
protein, 10 suggesting the ATAD5 C-ter- 
minal domain is important to suppress 
tumorigenesis. 

Is Elg1-RLC the Main 
PCNA Unloader? 

The observations described above sug- 
gest strongly that Elgl/ATAD5-RLC 
acts to unload PCNA, but do not address 
whether Elgl/ATAD5-RLC is the pri- 
mary PCNA unloader during normal 
DNA replication. For example, Elgl/ 
ATAD5-RLC might unload PCNA 
only at specific genomic sites. Three dis- 
tinct models (Fig. 3) are consistent with 
the published data: (A) Elgl-RLC is the 
main PCNA unloader. If this is the case 
then other mechanisms must exist that 
can eventually unload PCNA, since most 
PCNA is eventually removed from chro- 
matin after replication even in the absence 



PCNA 




Elg1-RLC is 

the main unloader 





RFC unloads 
PCNA genome- 
wide 




Elg1-RLC unloads PCNA 
at specific sites 
(e.g. sites are difficult to 
replicate) 



RFC unloads 
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PCNA and V(Rfc1 
recycles it 




SUMO 



Elg1-RLC preferentially 
unloads SUMO-PCNA 



Figure 3. Three models of PCNA unloading. (A) Elgl-RLC is the main unloader genome-wide. 
(B) Elg1-RLC acts at specific sites. (C) Elgl-RLC primarily acts to unload SUMOylated PCNA. See text 
for further discussion 
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of Elgl/ATAD5. Without Elgl/ATAD5, 
PCNA-unloading function could conceiv- 
ably be taken over by RFC and/or Ctfl8- 
RLC, but with less efficient removal by 
these complexes resulting in the observed 
PCNA accumulation on chromatin. It is 
also possible that PCNA might eventu- 
ally dissociate from DNA spontaneously 
without any active unloader. 34 (B) RFC 
could be the major PCNA unloader, with 
Elgl/ATAD5-RLC as a minor unloader 
acting at particular sites, for example, sites 
of cohesion binding or specific sequences 
that are difficult to replicate. In this case, 
the accumulation of PCNA on chromatin 
observed in the absence of Elgl/ATAD5 
presumably represents PCNA retained 
at these particular locations. (C) A fur- 
ther possibility is that RFC is the main 
unloader of unmodified PCNA, with 
Elgl-RLC acting primarily to unload 
SUMOylated PCNA (even though it 
can also remove unmodified PCNA). In 
this case, RFC might unload unmodi- 
fied PCNA from a newly ligated Okazaki 
fragment and immediately re-load it on a 
new primer-template junction, allowing 
rapid recycling of unmodified PCNA. 
Elgl-RLC might, in contrast, preferen- 
tially unload PCNA that has become 
SUMOylated but not re-load it (due to 
lack of loading activity). In this case, the 
PCNA could only be re-loaded after de- 
SUMOylation and subsequent recogni- 
tion by RFC, providing a mechanism to 
prevent loading of SUMOylated PCNA. 
In fact Models (A) and (C) are not mutu- 
ally exclusive, since PCNA may usually be 
SUMOylated by the time it is unloaded, 
and therefore unloaded by Elgl-RLC in 
most cases. Current results are consistent 
with all three possibilities, although the 
marked PCNA accumulation on chroma- 
tin when Elgl/ATAD5 are lacking might 
be construed as less compatible with its 
retention only at specific sites (Model B). 
It will be of interest to test these possibili- 
ties directly. 

Is PCNA Unloading the 
Main Cellular Function of 
the Elg1/ATAD5-RLC? 

Budding yeast lacking Elgl shows 
pleiotropic phenotypes, including 
increased chromosomal rearrangements, 



cohesion defects, elongated telomeres, and 
sensitivity to MMS (Fig. I). 1 " 9 Similarly, 
low expression of ATAD5 in human or 
mouse cells caused increased chromosomal 
rearrangements, increased rate of sister 
chromatid exchange, and mild sensitivity 
to DNA damaging agents. 10,11 In addition, 
homozygous null mutation of Atad5 in 
mice caused embryonic lethality (Myung 
et al., unpublished results). Do all these 
phenotypes result from compromised 
PCNA unloading, or do they instead 
indicate that Elgl/ATAD5 has additional 
molecular roles beyond PCNA unloading? 
At this point the answer remains unclear, 
but the former is a possibility, since, as 
explained below, these elglA phenotypes 
could conceivably all result from problems 
with PCNA transactions. ATAD5 has 
also been shown to regulate the removal 
of ubiquitin from PCNA: we also consider 
possible links between PCNA unloading 
by ATAD5-RLC, PCNA deubiquitina- 
tion, and the genome instability observed 
in mammalian cells in the absence of 
ATAD5. 

Increased chromosomal rearrange- 
ments 

Could compromised PCNA unloading 
be an indirect cause of chromosome rear- 
rangements? At least 2 pathways can be 
envisaged. First, failure of timely PCNA 
unloading may delay the recycling of 
PCNA and PCNA-binding proteins, in 
turn delaying lagging-strand synthesis and 
resulting in unprocessed lagging-strand 
replication intermediates that could stim- 
ulate inappropriate recombination events, 
leading ultimately to chromosome rear- 
rangements. Consistent with this idea, 
cells lacking FEN-1, the flap endonuclease 
that processes Okazaki fragments, show 
increased recombination rates and gross 
chromosomal rearrangements. 54,55 

A second possible pathway could 
involve the accumulation on chromatin 
of PCNA-binding proteins that promote 
unwanted recombination. One candidate 
is the AAA+ ATPase Mgsl that interacts 
with PCNA. Mgsl has both PCNA- 
binding and UBZ (ubiquitin-binding) 
domains and preferentially interacts with 
polyubiquitinated PCNA, 56 and in an 
elglA mutant, both ubiquitinated PCNA 
and Mgsl are abnormally increased on 
chromatin. 12,29 Polyubiquitinated PCNA 



is thought to direct error-free repair 
through template switching, 57,58 and while 
the molecular function of Mgsl is mys- 
terious, either deletion or overexpression 
of the MGS1 gene affects recombination 
and mutation rates. 59 " 61 It therefore seems 
possible that the PCNA retention on chro- 
matin in elgl A leads to an imbalance of 
Mgsl recruitment, eventually leading to 
chromosome rearrangements. In general, 
it will be of interest to investigate which of 
the many pathways coordinated by PCNA 
are affected by loss of Elgl-RLC activity. 
Cohesion defect 

Cohesion establishment is coupled with 
DNA replication, and cohesion defects are 
reported in S. cerevisiae lacking replication 
proteins, including Ctf4, Ctfl8, Mrcl, 
Tofl, Csml, and FEN-1. 28,62,63 Properly 
coordinated leading- and lagging-strand 
progression may be important for cohe- 
sion establishment, so that problems with 
lagging-strand synthesis in elgl A cells due 
to compromised PCNA unloading or 
recycling might result in cohesion defects. 
Robert Skibbens's group has proposed 
that cohesion establishment occurs in 
concert with lagging-strand synthesis 64 — 
although Frank Uhlmann's group found 
no role of the lagging-strand processing 
enzymes FEN-1 and Dna2 in cohesion 
establishment. 65 A variant of this idea pro- 
poses that inefficient PCNA unloading 
causes progression problems when replica- 
tion forks encounter cohesin rings, possi- 
bly affecting cohesion establishment. 

Yet another possibility is that the accu- 
mulation of SUMOylated PCNA on 
chromatin interferes with function of the 
cohesion establishment factor Ecol. Ecol 
normally promotes cohesion by acetylat- 
ing the Smc3 cohesin subunit during S 
phase. 66 " 69 Ecol is recruited by PCNA, and 
PCNA SUMOylation appears to counter- 
act Ecol activity. 70 It is therefore possible 
that the excessive PCNA SUMOylation 
observed in an elgl A mutant (probably as a 
result of extended DNA association) inter- 
feres with the function of Ecol in cohe- 
sion establishment. Notably, a pol30-104 
mutant (expressing PCNA A251V) that is 
over-SUMOylated also shows a cohesion 
defect. 70 

Elongated telomeres 

Again, the elongated telomere pheno- 
type of elgl A cells might be connected to 
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lagging-strand synthesis problems caused 
by compromised PCNA unloading or 
recycling. Other mutations [poll, rfcl, 
pol32A, and rad27A), affecting lagging- 
strand synthesis also cause elongated 
telomeres. 71 " 73 One idea is that delayed 
lagging-strand synthesis leaves single- 
stranded DNA exposed and unable to 
recruit the telomerase inhibitor complex 
Rapl-Rifl/Rif2 (which binds dsDNA), 
but still bound by the telomerase-recruit- 
ing complex Cdcl3-Stnl-Tenl (which 
binds to single-strand DNA), promoting 
telomere extension. Alternatively, PCNA 
accumulation itself may cause telomere 
extension by occupying the telomeric 
DNA and interfering with Rapl-Rifl/ 
Rif2 recruitment, leading to inappropriate 
extension by telomerase. 
MMS sensitivity 

We suspect that the MMS sensitivity 
of elgl A cells may be connected to PCNA 
retention on chromatin, since we find 
that overexpression of PCNA also causes 
over-loading of PCNA on chromatin that 
is coupled with increased MMS sensitiv- 
ity (unpublished data). The mechanism 
could result from an imbalance of PCNA 
modifications important for DNA repair. 

Does loss of other activities of Elgl 
cause genomic instability? 

While speculative, the mechanisms 
described above suggest plausible path- 
ways, consistent with established obser- 
vations, through which compromised 
PCNA unloading might cause the elglA 
mutant phenotypes. But of course molec- 
ular roles of Elgl unrelated to PCNA 
unloading could account for some defects 
of an elglA mutant. In particular, Elgl 
interacts with SUMOylated and SIM- 
containing proteins through poly-SUMO 
chains, independent of SUMOylated 
PCNA. 74 Disturbing such interactions 
could affect recombination rate, cohe- 
sion establishment, and telomere exten- 
sion, because SUMOylation is involved 
in all these processes. 75 " 79 Clearly, further 
investigations will be needed to shed light 
on the issue of which elglA phenotypes 
result from compromised PCNA unload- 
ing and which from other Elgl molecular 
functions. 

Human Elgl/ATAD5 promotes 
PCNA deubiquitination by recruiting the 



USP1-UAF1 complex to ubiquitinated 
PCNA. 44 Can failure to deubiquitinate 
PCNA explain the increased chromo- 
somal rearrangement in ATAD 5 -knock- 
down cells? Cells knocked down for USP1 
expression show reduced homologous 
recombination, and a similar effect is 
observed upon knockdown of ATAD5. 44 
Thus, the effect of ATAD5 in facilitat- 
ing PCNA deubiquitination activity may 
be important during DNA double-strand 
break-induced homologous recombina- 
tion. However, studies of mouse mutants 
suggest that ATAD5 plays a functional 
role extending well beyond its effect on 
the deubiquitination system. A null muta- 
tion of atad5 in mice causes embryonic 
lethality (Myung lab, unpublished result), 
but uspl-mx\\ mice are in contrast born 
(although with an anemic phenotype). 
No tumorigenesis was observed in the 
uspl-null mice — in stark contrast to the 
high incidence of tumorigenesis in atad5 
heterozygous mice. 10 ' 80 These observations 
suggest that ATAD5 PCNA unloading 
activity is important for embryonic devel- 
opment and tumor suppression, in addi- 
tion to its role in PCNA deubiquitination. 

Concluding Remarks and 
Future Directions 

Unloading of PCNA must take place 
repeatedly on completion of every Oka- 
zaki fragment, and also at replication 
fork termination. Two recent papers have 
reported that Elgl/ATAD5-RLC func- 
tions in removing PCNA from chroma- 
tin in yeast and human. These findings 
represent a substantial advance in under- 
standing the operation of replication forks 
as well as Elgl/ATAD5 function. Com- 
promised PCNA unloading could impact 
on multiple chromosome maintenance 
mechanisms to cause the genome instabil- 
ity of elgl A cells, through PCNA accumu- 
lation on chromatin, delayed recycling of 
PCNA, or altered recruitment of PCNA- 
interacting factors, including cohesion 
factors and DNA repair proteins. 1 ' 29,56 
It will be of interest to investigate which 
PCNA-coordinated pathways are affected 
by loss of the Elgl-RLC, and the pheno- 
typic consequences, especially in relation 
to the other activities of Elgl. 74 
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